Chromogranin A, a soluble acidic protein, is a ubiquitous component of secretory vesicles throughout the neuroendocrine system. We reported previously the cloning and initial characterization of the mouse chromogranin A gene promoter, which showed that the promoter contains both positive and negative domains and that a proximal promoter spanning nucleotides -147 to +42 bp relative to the transcriptional start site is sufficient for neuroendocrine cell type-specific expression. The current study was undertaken to identify the particular elements within this proximal promoter that control tissue-specific expression. We found that deletion or point mutations in the potential cAMP response element (CRE) site at -68 bp virtually abolished promoter activity specifically in neuroendocrine (PC12 chromaffin or AtT20 corticotrope) cells, with little effect on activity in control (NIH3T3 fibroblast) cells; thus, the CRE box is necessary for neuroendocrine cell type-specific activity of the chromogranin A promoter. Furthermore, the effect of the CRE site is enhanced in the context of intact (wild-type) promoter sequences between -147 and -100 bp. DNase I footprint analysis showed that these regions (including the CRE box) bind nuclear proteins present in both neuroendocrine (AtT20) and control (NIH3T3) cells. In AtT20 cells, electrophoretic mobility shift assays and factor-specific antibody supershifts showed that an oligonucleotide containing the chromogranin A CRE site formed a single, homogeneous protein-DNA complex containing the CRE-binding protein CREB.
Introduction
The chromogranins/secretogranins are a family of soluble, acidic proteins present as the major constituents in secretory vesicle cores of virtually all neuroendocrine tissues [1] [2] [3] . The most widely expressed of this protein family is the 48-kD chromogranin A (4) .
We previously isolated a functional transcriptional promoter from the mouse chromogranin A gene and characterized its expression in neuroendocrine versus control cells (5) . Our results suggested that the 5' flanking region of the chromogranin A gene contains multiple functional transcriptional regulatory elements, both positive and negative, which behave largely as promoter rather than enhancer domains (5) . Using deletion mutagenesis, we localized a proximal promoter (which conferred neuroendocrine-specific expression) to a region spanning nucleotides -147 to +42 bp relative to the transcriptional start site. Further deletion to -77 bp retained neuroendocrine-specific expression, whereas deletion to -61 bp abolished cell type-specific promoter activity. A comparison of the mouse chromogranin A proximal promoter region sequence with the rat (5) , bovine (6), and human (7) chromogranin A promoters showed high conservation of overall promoter structure. Each species' promoter contains a cAMP/response element (CRE)' consensus sequence (10) upstream of a TATA box. Two other members of this family of proteins, chromogranin B and secretogranin II (also known as chromogranin C), contain similar CRE and TATA homologies in their proximal gene promoters (8, 9) . However, the proximal chromogranin A promoter contains numerous structural matches to potential cis elements other than the CRE box (10) , and even the functional importance of the CRE homology in this promoter region remains unexplored. In the current study, we analyzed the proximal chromogranin A promoter (-147 to -48 bp) by scanning mutagenesis at high 1. Abbreviations used: CMV, cytomegalovirus; CRE, cAMP responsive element; CREB, CRE-binding protein; CREM, CRE modulator protein; DBH, dopamine ,/-hydroxylase; LUC, luciferase; TK, thymidine kinase. pXP77 GTCCTAMACGTAATTTCCTGGTGTGTGCGCGCG.... M41 GTCCTATGA-GTAATTTCCTGGGTGTGTGCGCGCG.... Figure 1 . Dense scanning mutagenesis of the proximal chromogranin A promoter. The site-directed mutations (created as described in Methods), indicated by bold and underlined lowercase letters, were inserted into the promoterless luciferase reporter vector pXPl. The shaded boxes represent the regions of the mouse chromogranin A promoter protected from DNase I digestion by AtT20 corticotrope nuclear proteins (5) . Known transcription factor-binding site sequence homologies are indicated by the legend directly above the sequence. density, to determine which element(s) in the promoter governs neuroendocrine activity of the gene. The results suggest that the CRE site in the chromogranin A proximal promoter is functional and plays a crucial role in tissue-specific expression.
Methods
Reagents. Most reagents were purchased from Sigma Chemical Co. (St. Louis, MO). The cAMP-dependent protein kinase (protein kinase A) inhibitor KT5720 (11) was from Calbiochem-Novabiochem Corp. (La Jolla, CA). Purified recombinant rat CRE-binding protein (CREB) (12) and anti-rat CREB polyclonal rabbit antibody (12) (Raised against a synthetic peptide encompassing amino acids 121-159 [the "kinaseinducible domain" ]) were gifts from Marc Montminy and Paul Brindle (Salk Institute, La Jolla, CA). Promoter-reporter plasmid constructions and mutagenesis. Promoter fragment positions are numbered relative to the major transcriptional initiation ("cap") site (5) as + 1. For example, pXPl 133 contains 1,133 bp of the mouse chromogranin A promoter (5' flanking region) fused to a luciferase (LUC) reporter in the promoterless luciferase reporter vector pXPl (13) . Construction of chromogranin A promoterluciferase reporter plasmids pXPl 133, pXP426, pXPl81, pXP147, pXPlOO, pXP77, and pXP61 was described previously (5) ; pXPlOO is a new construct generated using a similar method. To test putative neuroendocrine-specific regulatory elements in the proximal region of the promoter, a dense series of scanning mutants between -100 and -49 bp ( Fig. 1 ) was prepared by PCR amplification on pXPlOO as template, using different mutated 5' (upstream) oligonucleotide primers and a common 3' (downstream) primer. The 5' primer terminated in an XhoI restriction site, whereas the 3' primer terminated in a HindII site +42 bp downstream of the cap site. The amplified fragments thus contained the region from -100 to +42 bp, flanked by XhoI and HindHI sites. The mutant fragments were subcloned into the XhoI and HindII sites of promoterless luciferase reporter vector pXPl (13) , generating mutants of the series M2-M22. Mutant sequences were confirmed by dideoxy sequencing (14) . A similar series of mutants (M32-M36) was constructed between -147 and -100 bp (see Figs. 1 and 5), using pXP147 as template. The M41 mutation, similar to M12, was created in pXP77, which contains the region -77 to +42 bp of the chromogranin A promoter.
A single copy of a double-stranded oligonucleotide DNA fragment (-76 to -59 bp), which contains the chromogranin A CRE site ("original CRE"), was inserted into the polylinker immediately upstream of the heterologous herpes simplex virus thymidine kinase (TK) promoter in the luciferase reporter vector pTK-LUC (5) . Similar constructions were made containing the M12 mutation ("mutated CRE") and a single nucleotide change to create a consensus CRE site ("perfect CRE").
Cell culture and transfections. Neuroendocrine cell lines used were the rat adrenal medullary (pheochromocytoma) chromaffin cell line PC12 (15) and the mouse anterior pituitary corticotrope cell line AtT20 ( 16) . The control (nonendocrine) cell line used was the mouse fibroblast line NIH3T3. Cell lines were grown in DME with supplements of FBS and horse serum as described previously (5) .
Supercoiled plasmid DNA for transfection was grown in Escherichia coli strain DH-5 and purified on columns (Qiagen Inc., Chatsworth, CA). Cells (50-70% confluent) were transfected with 2-4 jsg of plasmid DNA per 6 cm plate, using the lipofection method (Lipofectin or Lipofectamine; GIBCO-BRL, Bethesda, MD). 48 h after transfection, cell extracts were prepared and assayed for protein (17) To test functional activation of the CRE in the promoter, the transfected cells were cultured for 4 or 24 h after transfection in the presence of 1 mM dibutyryl cAMP and/or 0.1 and 0.5 iM protein kinase A-specific inhibitor KT5720 before harvesting.
In vitro binding studies. Double-stranded oligonucleotides spanning the CRE region -76 to -59 bp were synthesized, labeled by filling in 5' overhangs with [32p] dCTP and the Klenow fragment of E. coli DNA polymerase I, and used in electrophoretic mobility shift assays with nuclear extracts from AtT20 or NIH3T3 cells. Nuclear extracts were prepared as described ( 19) . Labeled fragments ( I05 dpm, -0.15 pmol) were incubated with nuclear extracts (2 jg of protein) in the presence of poly(dl -dC) (0.2 jg/ml) as nonspecific competitor. Bound and free DNA were separated by electrophoresis through 5% acrylamide/0.4x TBE gels (19) , which were dried and subjected to autoradiography at -70°C. In some experiments, the binding of pure (recombinant) CREB was used as a positive control, and a polyclonal antipeptide antibody raised against a synthetic peptide containing amino acids 121-159 (the kinase-inducible domain) of rat CREB (12) was used to supershift the protein-DNA complex. DNase I footprinting was performed as described previously (5) .
Northern blot analysis of mRNA. PC12 and NIH3T3 cells were treated with dibutyryl cAMP (1 mM) for 1, 4, 6, and 24 h, with or without the addition to the protein kinase A-specific inhibitor KT4720 (l0-' or 5 x 10-7 M) or cycloheximide (5 jg/ml). Treatment of these cells with 5 gmg/ml cycloheximide decreases incorporation of [35S]methionine into TCA-precipitable protein by > 95% (20) . Total RNA was isolated by acid guanidinium thiocyanate-phenol-chloroform extraction (RNAzolB; TelTest, Friendswood, TX). RNAs (10 jig) were size fractionated on denaturing 1% agarose-formaldehyde gels, transferred to nitrocellulose membranes, and fixed with ultraviolet irradiation (StrataLinker; Stratagene, La Jolla, CA). The blots were prehybridized, hybridized, and washed essentially as described previously (17) . Hybridization was performed separately with either a 32P-labeled mouse chromogranin A cDNA probe (21), or a rat cyclophilin ("housekeeping") cDNA probe (22) . Expression of chromogranin A mRNA was quantified using a StrataScan 7000 densitometer (Stratagene) and normalized to cyclophilin gene expression.
Data presentation. Transfection experiments were repeated three times, with three plates per condition per experiment. Results are shown on bar graphs as the mean value for separate transfections ±1 SD. The pXP100 data amplify the previously reported (5) series of deletion mutants.
Results
Site-directed, dense scanning mutation analysis of the chromogranin A proximal promoter. We demonstrated previously that the region from -147 to +42 bp relative to the transcriptional initiation (cap) site was sufficient to direct neuroendocrine-specific expression of the chromogranin A promoter (5) .
High levels of expression after transfection were observed in the neuroendocrine cell lines PC12 (rat adrenal medullary chromaffin cell), AtT20 (mouse anterior pituitary corticotrope), and GH3 (rat anterior pituitary somatolactotrope). By contrast, tranfected NIH3T3 fibroblast and COS monkey kidney cells, the nonendocrine cell lines, showed low levels of luciferase activity. To define the promoter elements responsible for neuroendocrine expression, additional 5' promoter deletions were constructed and transiently transfected into NIH3T3, AtT20, and PC12 cells as described previously (Fig. 1 ). In AtT20 and PC12 cells, deletion from -147 to -100 or -77 bp diminished reporter expression by -50%, but had no effect in NIH3T3 cells ( Fig. 2 ). Further deletion to -61 bp eliminated all cell type specificity. A dense series of scanning site-directed mutants was created to localize more closely the promoter element(s) necessary for neuroendocrine cell type-specific expression ( Fig. 1 ). The mutants were tested by transfection into the PC12, AtT20, and NIH3T3 cell lines as has been described. The first set of 16 mutants are derived from pXP100 (Figs. 1 and 3). The defined mutations cover the region between -97 and -48 bp, since there are a number of potential transcription factor-binding sites here (5) and we had previously identified DNase I footprints in this region using AtT20 nuclear extracts (5) . Mutations in the region -100 to -74 bp ( Fig. 3 ; mutants M2-M8) had only a modest effect on promoter activity in all three cell lines, especially mutants M4-M9. This is consistent with our earlier results (5) that deletion to -77 bp maintained tissue-specific expression ( Fig. 2 ). Similarity, mutations in the region -54 to -48 bp had no effect on promoter activity in all three cell lines ( Fig. 3 ; mutants M21 and M22). However, mutations between -77 and -54 bp had a profound effect on promoter activity ( Fig. 3 ; mutants M9-M19). In particular, mutations in a CRElike sequence from -71 to -64 bp reduced promoter activity by 95% in PC12 and AtT20 cells ( Fig. 3 
pXP100 scanning mutants and M15). These mutations were less severe in NIH3T3 cells, but still caused 30-60% declines in promoter activity. Mutation of the chromogranin A CRE-like sequence to a consensus CRE site (mutant M14) caused a 50-80% increase in promoter activity over the corresponding wild-type sequence (in pXPlO0) in all three cell types, underscoring the importance of this sequence (Fig. 3 ).
The importance of the CRE-like sequence for neuroendocrine-specific expression was further confirmed by introduction of the M12 mutation into pXP77 ( Fig. 4) , which is the smallest 5' deletion mutant (-77 bp) that maintains tissue-specific expression. As before, this mutation cause a > 90% loss of activity in AtT20 and PC12 cells, but only a -50% loss in 3T3 cells ( Fig. 4 ; mutant M41).
A second set of scanning mutations was created between -147 and -100 bp in plasmid pXP147 ( Fig. 5 ). We noticed previously ( Fig. 2 ) that deletion of this region caused a -50% decline in promoter activity in PC12 and AtT20 cells, but had no effect on expression in NIH3T3 cells, suggesting that the -147 to -100 bp region may potentiate the action of the major tissue-specific element located between -77 and -61 bp. These mutants (M32-M36) were transfected into the three cell lines as previously described. None of the mutations affected promoter activity in AtT20 or NIH3T3 cells, but two mutations (M35 and M36) selectively decreased promoter activity by -60% in PC12 cells (Fig. 5 ). The lack of effect in AtT20 cells may indicate a redundancy of sites in this region, such that mutations of a single site is not detrimental in the AtT20 nuclear milieu; however, deletion of the entire -147 to -100 bp region reduces activity by -50%.
In vitro binding of neuroendocrine nuclear proteins to the potential CRE site in the proximal promoter. We reported previously (5) that nuclear extracts from AtT20 corticotropes protected several regions of the chromogranin A proximal promoter Fig. 1 ) and their control (pXPlOO) were transfected into neuroendocrine (PC12 or AtT20) or control (NIH3T3 fibroblast) cells and processed for luciferase and 3galactosidase reporter assay. The results were normalized to pXP1OO and expressed as percent luciferase activity.
from DNase I digestion (summarized in Fig. 1 ). Since the CRElike sequence appears to be so important from the mutagenesis studies ( Figs. 3 and 4) , we compared the binding of AtT20 and NIH3T3 nuclear extracts with this region. The DNase I footprint with the NIH3T3 extract was similar to that with the AtT20 extract ( Fig. 6) ; each footprint spanned -66 to -91 bp. The most obvious quantitative difference is the very strong induction of a DNase I-hypersensitive site at -64 bp (Fig. 6 ). This site is indicative of protein binding to this region.
To analyze the footprinted region further, double-stranded oligonucleotide probes containing the chromogranin A (original) CRE site (TGACGTAA) were synthesized and end labeled with 32p ( Fig. 7 ). In addition, oligonucleotide probes were synthesized containing the M12 CRE mutation (TGA-GTAA) or a consensus (perfect) CRE (TGACGTCA). All three probes were used in gel retardation assays with either AtT20 and NIH3T3 extracts or purified CREB. Both the AtT20 and NIH3T3 extracts generated retarded complexes of the chromogranin A CRE oligonucleotide (Fig. 7, lanes 4 and 6) . The mobility of the major complex was identical to the complex seen with purified CREB (Fig. 7, lane 2) . The presence of CREB in these complexes in the AtT20 and NIH3T3 extracts was confirmed by using an anti-CREB antibody that caused a supershift of the complex (Fig. 7, lanes 3 and 5) . The entire complex was supershifted by anti-CREB in AtT20 extracts, and only a single resulting supershifted complex was observed. However, only a portion of the NIH3T3 shifted complex was supershifted by anti-CREB, and two resulting supershifted complexes were observed.
Similar complexes were observed with the perfect consensus CRE sequence (Fig. 7 , lanes 8 and 9). Introduction of the M12 mutation into the CRE (mutated CRE) abolished the AtT20 complexes and reduces the intensity of the NIH3T3 complex ( Fig. 7 binding to the chromogranin A CRE and reduced the binding in the NIH3T3 extract, consistent with the loss of the CREBcontaining complexes. This mutation (from TGACGTAA to TGA-GTAA) creates an API site (23) so the residual complex in the NIH3T3 extract may result from factors that recognize API sites. in addition to the CREB complexes, there was another less abundant, higher (faster) mobility complex in the AtT20 and NIH3T3 extracts (Fig. 7, lanes 1, 3-6 , 8, 9, 11, and 12) . The origin of this complex is not known, but it is likely to be a nonspecific protein-DNA complex, sine a 50-fold excess of unlabeled CRE probe could not compete (Fig. 7, lane 1) . Figure 4 . Mutation of the CRE site in the minimal promoter. The CRE mutant promoter plasmid (mutation M41; for explanations and other symbols, see the legend to Fig. 1 ) and its wild-type control (pXP77) or the further deletion mutant pXP61 were transfected into neuroendocrine (PC12 or AtT20) or control (NIH3T3 fibroblast) cells and processed pXP61 for luciferase and 6-galactosidase reporter assay.
The results were normalized to pXP77 results and expressed as percent luciferase activity.
Stimulation of a heterologous promoter by a functional chromogranin A CRE promoter element in neuroendocrine versus control cells. To investigate further the function of the CRE site in chromogranin A expression, the CRE domains used in the gel retardation experiment were tested for ability to stimulate a neutral, heterologous TK promoter. A single copy of each variation of the chromogranin A CRE (the original [chromogranin A wild-type] CRE, the mutant [M12] CRE, and a perfect CRE) was cloned into pTK-LUC upstream of a minimal TK promoter (5) . These promoter/reporter plasmids were transfected into AtT20, PC12, and NIH3T3 cells as has been described. Figure 5 . Importance of the region between -100 and -147 bp in the chromogranin A promoter. The promoter mutant plasmids (M32-M36; for explanations and other symbols see the legend to Fig. 1 ) and their wild-type control (pXP147) were transfected into neuroendocrine (PC12 or AtT20) or control (NIH3T3 fibroblast) cells and processed for luciferase and /3-galactosidase reporter assay. The results were normalized to pXP147 and expressed as percent luciferase activity. 572 Wu et al. The original minimal-promoter vector pTK-LUC was 2-fold less active in PC12 cells (7.36±1.57 luciferase units per ,3galactosidase unit) and 10-fold less active in AtT20 cells (1.41±0.11 luciferase units per ,3-galactosidase unit) than in NIH3T3 fibroblasts ( 13.9±3.34 luciferase units per /-galactosidase unit). Both the original and perfect (consensus) CRE insertions stimulated reporter expression by more than sevenfold in the PC12 and AtT20 cells, but were ineffective in the NIH3T3 cells ( Fig. 8 ). As expected, the mutated chromogranin A CRE oligonucleotide did not augment TK promoter activity significantly in AtT20 or PC12 cells. However, mutation of the chromogranin A CRE (Fig. 8 ) did cause an approximately threefold selective elevation in reporter activity in NIH3T3 fibroblasts, perhaps because the mutant CRE (TGAGTAA) creates a potential match for the APl consensus site (23, 24) .
Chromogranin A mRNA expression in response to cAMP. The importance of the CRE sequence in the tissue-specific expression of the chromogranin A promoter raises the notion that cAMP itself may induce the chromogranin A gene. quently, we tested whether the endogenous chromogranin A gene was stimulated by cAMP in PC12 and NIH3T3 cells. Cells were treated with dibutyryl cAMP for increasing periods of time, and the RNA was subjected to Northern analysis. Results of a representative experiment are shown in Fig. 9 . Treatment of PC12 cells caused a 2.8-4.0-fold increase in chromogranin A mRNA by 4 h. The increase was maximal by 6 h (6.7-7.9fold) and maintained at the elevated level for 24 h (7.0-8.4fold). Similar stimulation was seen with 8-bromo-cAMP. In contrast, cyclophilin mRNA showed no consistent increase after 9 and 10 ). Chromogranin A mRNA levels were undetectable in NIH3T3 cells, with or without cAMP ( Fig. 9 ). We investigated next the effect of protein synthesis (translation) inhibition or protein kinase A inhibition on the induction of chromogranin A gene by cAMP in PC12 cells (Fig. 10 ).
Cycloheximide (5 jig/ml) was unable to prevent the 2.7-4.0fold induction at 4 h of cAMP. At later time points, cycloheximide decreased basal chromogranin A mRNA levels by 61-70% and reduced the cAMP induction by 62-81%. This indicates that new protein synthesis is required to account for the full magnitude of sustained elevation in chromogranin A mRNA, consistent with the normal turnover of cAMP-responsive transcription factors, such as CREB itself (12, 13) . The protein kinase A inhibitor KT5720 inhibited the cAMP induction, in an inhibitor dose-dependent fashion, confirming the role of protein kinase A (Fig 10) . (11) .
Clearly, prolonged (24 h) 5 pg/ml cycloheximide diminishes overall cell growth and proliferation. However, our conclusions are drawn from Northern blot lanes (Fig. 10 ), in which constant amounts (10 jtg) of total RNA were loaded per lane, and the data were normalized to values of chromogranin A mRNA/cyclophilin (housekeeping, control) mRNA signals.
cAMP stimulation of the transfected chromogranin A promoter. Since cAMP induced the endogenous chromogranin A gene in PC12 cells, we tested whether the transfected chro- mogranin A promoter/luciferase reporter plasmids were also inducible. Transfected cells were treated with dibutyryl cAMP for 4-24 h before harvesting. All of the deletion constructions from -1.1 kb to -77 bp were induced by a 24-h cAMP stimulation ( Fig. 11 pXP1 133, pXP426, pXP147 , pXPlOO, and pXP77). Slightly lower inductions (threeto fivefold) were obtained at 4 h with all the deletion mutants. Deletion to -61 bp, as well as introduction of the single base pair CRE deletion (M41) in the shorter promoter fragment pXP77, eliminated the induction, consistent with removal of the cAMP-responsive sequence (Fig. 11; pXP61 and mutant M41 ). The involvement of protein kinase A in induction of the chromogranin A promoter by cAMP was confirmed using the protein kinase A inhibitor KT5720. KT5720 ( 10-7 M) inhibited cAMP induction of either pXP100 or pXP77 by 40% (data not shown).
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Discussion
Deletion analysis and site-directed mutagenesis of the proximal chromogranin A promoter (-147 to +42 bp) have demonstrated that a CRE-like sequence is crucial for neuroendocrinespecific promoter activity (Figs. 2, 3, and 4 ). This CRE sequence is also able to mediate an 8-fold induction of the transfected chromogranin A promoter by cAMP (Fig. 11 ), which is similar in magnitude to the 7.0-8.4-fold induction of Figure 9 . Northern blot analysis of chromogranin A and cyclophilin mRNA levels.
Neuroendocrine (PCl2) and control (NIH3T3) cells were exposed to dibutyryl 18S cAMP (I mM) for 1, 4, 6, or 24 h. Total . rRNA RNA (10 jig) from these cells was size fractionated on a denaturing agarose gel and sequentially hybridized with specific cDNA probes for chromogranin A and cyclophilin. The mobility of the 18S ribosomal RNA is indicated on the right. Relative chromogranin A mRNA levels were normalized to cyclophilin mRNA and expressed as fold induction by cAMP. A representative experiment is shown. Neuroendocrine PC12 chromaffin cells were exposed to dibutyryl cAMP (1 mM) for 4, 6, or 24 h, either alone or in combination with either the protein synthesis (translation) inhibitor cycloheximide (5 Hg/ml) or the protein kinase A inhibitor KT5720 (10-' or 5 x 10-i M). Chromogranin A and cyclophilin mRNA levels were determined, normalized, and expressed as described in the legend to Fig. 9 . A representative experiment is shown.
the endogenous chromogranin A gene by cAMP ( Fig. 9 ; 24-h stimulation). Similarly, the chromogranin A gene is inducible by the adenylyl cyclase activator forskolin in bovine chromaffin cells (6), though the forskolin response in PC12 cells may be blunted (25) . A comparison of mouse chromogranin A's proximal promoter region with the rat, bovine, and human promoters (Fig.  12) shows high conservation of the overall promoter structure, including the TATA and CRE homologies (5-7). The mouse, rat, bovine, and human promoters all contain a CRE box 18-42 bp upstream of the TATA box (Fig. 12 ). The bovine (6) and human (7) chromogranin A genes contain perfect consensus (10) CREs (TGACGTCA), similar to that in the M14 mutation ( Figs. 1 and 3 ) generated for this study. The mouse (5) and I '5aC Z 0. rat (5) genes differ from the consensus at 1 nucleotide (TGAC-GTAA; difference underlined).
This conservation of the CRE site and TATA box is also seen in two other members of the family of chromogranin/ secretogranin proteins, chromogranin B and secretogranin II (chromogranin C) (8, 9) (Fig. 12) . The chromogranin/secretogranin promoters show very little homology outside of the TATA and CRE sequences.
CRE sites have been identified in many neuroendocrinespecific gene promoters. cAMP stimulates the activity of a number of neuroendocrine-specific genes, including chromogranin B (26, 27) and secretogranin H (26-28), tyrosine hydroxylase (29), phenylethanolamine-N-methyltransferase (30), dopamine P-hydroxylase (DBH) (31, 34) , anterior pituitary glyco- protein hormone a subunit (32, 34) , and renin (33, 36) , although not all of these cAMP effects have been clearly shown to be transcriptional (26-28, 30, 33) . Furthermore, CRE sites have been implicated in the cell type-specific expression of the DBH (34), glycoprotein hormone a subunit (35) , and renin (36) genes. Mutation of CRE sites in those genes causes a significant decline in promoter activity in the appropriate cell type, similar to the results presented here for the chromogranin A promoter (Figs. 3 and 4 ). DNase I-hypersensitive sites have been observed over the CRE site in the DBH proximal promoter in chromatin from noradrenergic human neuroblastoma cells but not HeLa epithelioid carcinoma cells, suggesting that the CRE site is a cis-acting element specifically recognized by trans-acting factors in vivo (34) .
However, it should be noted that not all endocrine-specific genes contain CRE consensus transcriptional activation promoter sequences. For example, the growth hormone promoter does not respond directly to cAMP; instead, its transactivator Pit-i (GHF-1) transduces the cAMP signal of hypothalamic growth hormone-releasing factor in anterior pituitary somatotropes (37) . Therefore, the presence of a CRE consensus is not entirely necessary to guarantee neuroendocrine cell typespecific expression, and additional (non-CRE) mechanisms (such as Pit-i) for maintaining such expression must exist in at least some neuroendocrine promoters.
Promoters of non-endocrine-specific genes, such as fibronectin, may also contain functional CRE sites (38) (39) (40) , so the presence of a CRE cannot be entirely specific for neuroendocrine tissue-specific expression, but may be necessary in the context of certain promoters, such as those of the chromogranin/ secretogranins (Fig. 12 ).
If the CRE site does mediate the tissue-specific expression of the chromogranin/secretogranin neuroendocrine genes, then how is this accomplished at the molecular level? A single copy of the chromogranin A CRE increased the activity of a neutral, heterologous TK promoter 7-10-fold in PC12 and AtT20 cells, though not in NIH3T3 fibroblasts (Fig. 8 ). This increase in basal promoter activity by the CRE in neuroendocrine cells is far less than the degree of neuroendocrine selectivity of chromogranin A transfected promoter strength observed with the long 4.8-kp chromogranin A promoter (5) in AtT20 cells (23fold more active than in NIH3T3 cells) or PC12 cells (59-fold more active than in NIH3T3 cells). The endogenous chromogranin A gene shows even more exquisite cell type specificity,, since chromogranin A mRNA is undetectable in NIH3T3 fibroblasts ( Fig. 9 ). Thus the chromogranin A promoter CRE site, through completely necessary for neuroendocrine-specific expression of the gene, is not completely sufficient to account fully for the highly selective pattern of expression of the gene in vivo. The endogenous chromogranin A gene promoter, as well as the transfected long promoters, must therefore contain additional elements that accentuate the effect of the CRE site. For example, site-directed mutations in the vicinity just upstream of the CRE site ( Fig. 3) , such as those in the Ap2/ Egrl/Spl consensus matches (mutations M6-M9), as well as mutations just downstream of the CRE site (mutations M16-M 19), also had a somewhat more pronounced effect in neuroendocrine cells than a fibroblasts. The distant (-2.2 to -4.8 kb) positive domain in the chromogranin A promoter also specifically activates gene expression in neuroendocrine cells (5) . In contrast to the completely absent expression of the endogenous chromogranin A gene in NIH3T3 fibroblasts ( Fig. 9 ), some basal expression of the transfected chromogranin A promoter is observed in these same ells (Fig. 9 ). This discrepancy 576 Wu et al.
-100 mCgA is commonly observed in transient transfection analyses of promoter strength; many studies have reported higher basal promoter activity after acute introduction of plasmids, as compared with table transfection and expression of a plasmid integrated into cellular genomic DNA. Differences in expression of the same promoter sequences in the two circumstances may be referable to the relative lack of nucleosomal or other chromatin structure in acutely transfected, still episomal plasmids (41, 43). Although many transcription factors can recognize a CRE in vitro, the best characterized protein that recognizes this sequence in vivo is the CRE-binding protein CREB (23, 43) . Electrophoretic mobility shift assays, combined with supershift assays using an antibody to CREB, demonstrated that CREB is present in nuclei from both AtT20 and NIH3T3 cells and can bind to the chromogranin A CRE (Fig. 7) .
If CREB is present in both endocrine and nonendocrine cells and can bind to the CRE in each, how then is tissue specificity of expression achieved? Modulation of the activity of CREB on the chromogranin A promoter in NIH3T3 fibroblasts could occur by several possible mechanisms (23, (43) (44) (45) (46) (47) , including changes in CREB phosphorylation, competition for CREs by repressor factors or different transactivators, binding of CREB by a repressive adaptor molecule, heterodimerization of CREB with another bZIP family protein, or relative lack of a CREB coactivator (48) . The polyclonal antibody used in our supershift assay (Fig. 7 ) was raised against a synthetic peptide spanning amino acids 121-159 of rat CREB, a region containing the domain that is phosphorylated by protein kinase A (Ser-133) during CREB activation (12, 43) . This antibody may recognize other related proteins with partial sequence homology in this kinase-inducible domain, such as the CRE modulator protein, CREM (23, 43, 44) .
Based on the anti-CREB supershift data ( Fig. 7 ), CREB appears to be at least one component of the AtT20 CRE complex. A complex of similar mobility is observed in NIH3T3 cell extracts; however, when anti-CREB antibody supershifts the NIH3T3 complex, it is possible to distinguish two complexes not seen in the anti-CREB-supershifted AtT20 extract: one NIH3T3 CRE complex is not supershifted by the antibody and therefore does not contain the kinase-inducible domain epitope; another NIH3T3 CRE complex is supershifted, but to a greater (faster) mobility than the AtT20 complex. The presence of CREB in two distinct supershifted NIH3T3 CRE complexes raises the possibility that CREB is forming heterodimers with other factors.
An attractive possibility is that such heterodimeric NIH3T3 CRE complexes may inhibit stimulation by CREB (23, 43) . CREB is a widely distributed transcription factor belonging to the bZIP superfamily (23) . Proteins of this family bind to DNA as dimers, and dimerization is mediated by the leucine-zipper motif (23) . CREB has been shown not only to homodimerize, but also to heterodimerize with bZIP family members (23) such as ATFI and CREM; CREB also binds to the CREB-binding protein, which may bridge CREB to the transcriptional initiation complex (47) . The relative ratios of various CREB binding partners may have important consequences for transcriptional stimulation through the CRE motif (23, 43, 45) . The CREM family of proteins can function in both a positive and negative sense, depending on alternative splicing and alternative promoter usage (45) . CREM family members are present in AtT20 and PC12 cells but not in NIH3T3 cells (44) and so are unlikely to be components of the additional CRE complexes (Fig. 7) found in NIH3T3 cells. Heterodimers of CREB with ATF1 or CREB-binding protein still function in a positive sense, since they can mediate a cAMP response (23, 43) . Perhaps there are other as yet unidentified CREB heterodimers in the NIH3T3 nuclear milieu, which function to negate CREB's stimulatory action on the CRE box in such cells. This possibility may explain why there is no induction of the endogenous chromogranin A gene after cAMP in NIH3T3 cells ( Fig. 9 ), in spite of the presence of CREB in these cells (23, 43, 46) . It should be noted that other groups have observed cAMP stimulation of transfected gene expression in NIH3T3 cells, but only on artificial promoters containing multiple CRE sites and never on single CREs (49, 50) .
An NIH3T3 complex with the CRE oligonucleotide persisted even when the chromogranin A CRE sequence (TGACG-TAA) was mutated to TGA-GTAA (Fig. 7, lane 12) , though the complex no longer occurred in AtT20 cells (Fig. 7, lane  11) . It should be noted that the TGA-GTAA mutation (also used in mutants M12 [Figs. 1 and 3 ] and M41 [Figs. 1 and 4] as well as in the inactive TK transfer experiment [ Fig. 8 ]) not only inactivates the response of this element to cAMP (Fig.  11 ), but also converts this element into a consensus match (TGANTMA; IUPAC code) for an Apl site (24) .
In conclusion, the CRE site in the chromogranin A proximal promoter plays a crucial, indeed indispensable role in tissuespecific expression of the chromogranin A gene. In our model, CREB binds to the CRE in both neuroendocrine and fibroblast cells, but its activity may be inhibited in the fibroblast cells by other factors that can also recognize this element. IN neuroendocrine cells, CREB binding alone causes an elevation in the basal transcription of the chromogranin A promoter, which can be further increased by cAMP treatment or the presence of additional tissue-specific elements further upstream.
